For regulatory approval of a new medicine, the gold standard for demonstration of efficacy has traditionally been a minimum of two positive, adequate, and well-controlled clinical trials. Nevertheless, drugs to treat cancer and rare diseases are usually approved based on a single and often uncontrolled pivotal trial. In contrast, little is known about single pivotal trial approvals for non-orphan, non-oncology drugs. Between 2012 and 2016, 23 novel therapeutic drugs were approved by the US Food and Drug Administration (FDA) and/or the European Medicines Agency (EMA) for 27 non-orphan, non-oncology indications each based on a single pivotal trial. Although there was considerable variation in the nature and strength of the efficacy evidence supporting these drug approvals, the majority (85%) of the pivotal trials were randomized and controlled. For all superiority trials, the primary outcome was met with a statistical significance of P ≤ 0.005. Most approvals were supported by additional efficacy data from nonpivotal studies.
The regulatory approval of new drugs is based on an assessment of the available evidence of benefits and risks. Given the limited drug exposure at the time of drug approval, the assessment of benefits and particularly risks, especially in relation to rare adverse events, comprises some degree of uncertainty. Hence, a continuous benefit/risk evaluation is an accepted approach to confirm the safety-and, in some cases, also the efficacy-profile of a new drug in the postapproval setting depending on the medical need. [1] [2] [3] [4] Traditionally, a minimum of two positive, adequate, and well-controlled clinical trials have been considered the gold standard for demonstration of efficacy of a novel therapeutic drug. 3, 5 However, the EU and US legislations allow for approvals based on a single pivotal clinical trial [5] [6] [7] potentially permitting drugs for treatment of serious diseases with a high medical need to reach the patients faster. Both the European Medicines Agency (EMA) and the US Food and Drug Administration (FDA) approve more than a third of novel therapeutic drugs based on a single pivotal trial with orphan (i.e., drugs developed specifically to treat rare medical conditions) and oncology drugs accounting for the majority. 8, 9 It has been widely debated whether regulators should accept a higher level of uncertainty concerning benefits and risks for life-threatening or severely debilitating conditions with high medical needs, especially in the case of rare diseases. 1, [10] [11] [12] oncology and orphan drugs suggest that the approvals are often based on limited evidence of efficacy. [13] [14] [15] [16] [17] As such, it has been argued that there is a widening gap in the regulatory requirements for approval of such drugs compared with other disease areas. 1 In the case of new drugs intended to treat more prevalent and not necessarily immediately life-threatening diseases, the regulatory flexibility in terms of acceptability of a single pivotal trial to support approval in the United States and the European Union is less well known. Hence, the aim of this study was to analyze and better understand the strength of the clinical efficacy evidence supporting approvals based on single pivotal clinical trial for novel therapeutic drugs intended to treat diseases other than oncology and orphan conditions.
We identified non-oncology, non-orphan New Active Substances (EU) or New Molecular Entities (US; collectively referred to as novel therapeutic drugs) approved from 2012−2016 by the FDA and/or the EMA based on a single pivotal clinical trial. The clinical evidence of efficacy submitted in support of the applications for marketing authorization was analyzed in terms of design characteristics and results of the single pivotal trial along with requests for postapproval efficacy data. In addition, the availability of supportive evidence of efficacy from nonpivotal trials was explored.
METHODS
This is a retrospective, descriptive, cross-sectional study. Data sources included publicly available information from the FDA 18 and EMA 19 websites, including the FDA review documents and approval letters (collectively abbreviated FDA-Rs), US Prescribing Information (USPI), and European Public Assessment Reports (EPARs). Originally approved Summary of Product Characteristics were retrieved via the Cortellis Database. 20 All data were reviewed and verified by at least two independent authors, and discrepancies were resolved by discussion and consensus.
Selection criteria
For the EU, New Active Substances approved via the EMA Centralized Procedure between 2012 and 2016 for indication(s) supported by a single pivotal clinical trial were identified as described by Morant and Vestergaard. 9 For the US, New Molecular Entities approved by the FDA Center for Drug Evaluation and Research between 2012 and 2016 were identified using the FDA Novel Drugs Summaries from 2012 through 2016. 21 Initial indications approved based on a single pivotal clinical trial were identified using the original USPI and FDA-Rs. Generics, biosimilars, diagnostic products, and drugs approved by informed consent or via the hybrid application pathways (also termed 505(b) (2) in the United States) were excluded. Only indications authorized as part of the initial approval were included. Drugs with an EMA or FDA Orphan Drug Status as well as oncology drugs (i.e., drugs belonging to the Anatomical Therapeutic Chemical classification group L-antineoplastic and immunomodulating agents-and indicated for treatment of cancer) were excluded.
Evidence of efficacy supporting approval Information on the clinical studies providing evidence of efficacy in support of the individual indications was retrieved from the EPARs and FDA-Rs. For evaluation of whether a clinical trial was considered "pivotal" for the approved indication, the assessment of the FDA and the EMA as described in the FDA-Rs and the EPARs was adopted as described by Morant and Vestergaard. 9 In case of discrepancy between the two regulatory agencies, the novel therapeutic drug was included in the analysis only from the perspective of the agency that based the approval of the indication on a single pivotal clinical trial. In three cases, the pivotal clinical trial consisted of two distinct parts conducted under a single study protocol (patiromer, vedolizumab, and sucroferric oxyhydroxide); these were considered a single pivotal trial for this analysis.
The single pivotal trials were evaluated in terms of study population, trial design features (randomization, blinding, and comparator), number of patients randomized/enrolled, and outcome of the primary efficacy analysis. The primary efficacy end points were classified as clinical outcome, clinical scale, or surrogate marker based on the principles suggested by Pease et al. 2 : clinical outcomes measure mortality or reflects/characterizes a patient's symptoms, overall mental state, or the effects of a disease or condition on how the patient functions; clinical scales serve as quantitative gradations of an outcome that reflects/characterizes a patient's symptoms, overall mental state, or the effects of a disease or condition on how the patient functions; surrogate markers measure an intermediate biological characteristic/outcome that is expected to consistently and accurately predict a clinical outcome (clinical benefit or harm). In context of the approved indication, a surrogate marker was deemed "endorsed" if clearly supported by the regulatory agencies in context of the indication (e.g., in therapeutic guidelines or-in the case of the United States-the FDA "Table of Surrogate Endpoints That Were the Basis of Drug Approval" 22 and/or in the regulatory review documents (FDA-R or EPAR, as applicable)).
Nonpivotal trials providing additional support for the indication were classified based on clinical development phase and trial design features (i.e., population, randomization, and blinding). Trials were considered supportive if one of the following criteria was fulfilled: the FDA-Rs/ EPARs (i) explicitly mentioned the trials as "supportive for the indication," or (ii) described the data as "supportive" or as "additional" efficacy evidence or as demonstrating a "clinically meaningful effect size," and/or (iii) thoroughly described both design and efficacy results of the trial. Data were not considered supportive if merely mentioned as supportive for "dose-selection" and/or "dose-titration."
Requests for postapproval efficacy data (excluding pediatrics) in the form of postauthorization measures (EU) were extracted from the EPARs, and postmarketing requirements/ commitments (US) from the FDA Approval Letters and FDA-Rs.
Topics addressed during the regulatory review were evaluated to indirectly assess uncertainties regarding the approvability of the novel therapeutic drugs in relation to efficacy/benefit; safety-related uncertainties were beyond the scope of this analysis. We focused on efficacy issues that were subject to differences in opinions (i.e., one or Single Pivotal Trial Approvals in EU and US Morant et al. more FDA reviewers explicitly raised concerns in relation to the approval of the drug or the EPAR described Committee for Medicinal Products for Human Use divergent positions).
RESULTS
Excluding oncology and orphan drugs, 23 novel therapeutic drugs were approved in the European Union and/or the United States from 2012−2016 for one or more indications (27 indications in total) each supported by a single pivotal clinical trial ( Figure 1 ; Table S1 ). Seven of these novel therapeutic drugs were approved in both the European Union and the United States ( Figure 2) ; one drug was approved for different indications in the European Union and the United States (daclatasvir ; Table S1 ) each supported by a single pivotal trial.
For the novel therapeutic drugs included in this study, regulatory expedited pathway designations were less frequently used in the European Union compared with the United States ( Figure 2 ) in line with previous reports. 23, 24 None of the drugs received EU Conditional Marketing Authorization or US Accelerated Approval ( Figure 2) .
Each of the 27 indications was approved based on a single pivotal multicenter trial ( Table 1) . The majority (23; 85%) was randomized and included a control arm. Thirteen of these (48%) were placebo-controlled, whereas 10 (37%) included an active comparator. The remaining four pivotal trials (15%) were open-label and uncontrolled. The median number of patients was 828, ranging from 29 (lomitapide and susoctocog alfa) to 26,449 (vorapaxar) .
The end points for primary analysis were clinical outcomes in 12 trials (44%), clinical scales in 5 trials (19%), and surrogate markers in 10 trials (37%). All surrogate markers were endorsed from a regulatory perspective in the context of the approved indications. For the 16 superiority trials, the primary end point was met with a statistical significance of P value equal to or below 0.005 ( Table 1) . For noninferiority trials, confidence intervals of 95% (or higher) were within the prespecified noninferiority margin. In the uncontrolled trials, the primary outcomes were established as very convincing virologic response rates of 89% or above (daclatasvir), a 100% response rate for serious bleeding episodes (P < 0.001; susoctocog alfa), or a 40% change from baseline in low-density lipoprotein cholesterol (P < 0.001; lomitapide).
In almost all cases, evidence from one or more nonpivotal trials submitted as part of the application were classified as "supportive" for the assessment of efficacy in the FDA-Rs/ EPARs ( Figure S1) ; the only exception was sacubitril/valsartan where the additional efficacy data described in the FDA-Rs were not considered supportive as the described data were only mentioned as supportive for dosetitration. The nature of the supportive studies varied widely across indications (please refer to Figure S1 for examples). Many Color shading signifies drugs fulfilling study selection criteria in the European Union (EU) only (blue shading), in both regions (no shading), and United States (US) only (red shading). 3TC, Lamivudine; ABC, Abacavir; DTG, dolutegravir; NAS, New Active Substance; NME, New Molecular Entity; N/A, not applicable. 3TC, lamivudine; ABC, Abacavir; ATV, atazanavir; CI, confidence interval; CV, cardiovascular; DTG, dolutegravir; EFV/FTC/TDF, efavirenz/emtricitabine/tenofovir; EU, European Union; FTC/TDF, emtricitabine/tenofovir; Grp, group; HR, hazard ratio; K-M, Kaplan-Meier event rate; OR, odds ratio; PD, Parkinson's disease; RR, rate ratio; RTV, ritonavir; US, United States; Q2W, Once every two weeks; Q4W, Once every four weeks; Q8W, Once every eight weeks; W12, week 12; W4, week 4. Characteristics and outcomes of the pivotal trials supporting the approval of novel therapeutic drugs based on a single pivotal trial. Trial characteristics comprised overall trial design including study population, randomization, blinding, treatment arms, and number of randomized (or enrolled in case of no randomization) patients as well as nature and result of the primary outcome measure. Color shading signifies drugs fulfilling study selection criteria in the EU only (blue shading), in both regions (no shading); and US only (red shading). of the supportive trials were not designed nor powered to demonstrate efficacy but planned with primary objective of investigating pharmacokinetics and/or safety and tolerability. The supportive trials were not consistently described in the product label ( Figure S1 ).
Single Pivotal Trial Approvals in EU and US
In only a few instances, postapproval studies were requested by the regulatory agencies to confirm efficacy ( Figure S1 ). The EMA required postapproval studies only for the two drugs that were approved under Exceptional Circumstances (lomitapide and susoctocog alfa). The FDA requested postapproval studies to collect maintenance data for pimavanserin and to establish efficacy in specific patient populations for two antivirals (daclatasvir and peramivir).
Internal agency discrepancies pertaining to benefit/risk conclusions were observed for 2 of 17 drugs in the European Union (divergent opinions included in the EPARs) and 5 of 13 drugs in the United States (opposing views from one or more reviewers expressed in the FDA-Rs).
DISCUSSION
Our focus on non-oncology, non-orphan novel therapeutic drugs was based on two considerations. First, the regulatory requirements for approval of drugs to treat cancer and orphan indications seem to be subject to a higher degree of regulatory flexibility, 1, 13, 14, 16, 17 and the evidence supporting approval of these drugs has already been widely debated. [10] [11] [12] 14 Second, we wished to gain insight into the regulatory precedence for approvals based on a single pivotal trial for drugs intended to treat more prevalent and not immediately life-threatening diseases knowing that the outcome would potentially represent a very heterogeneous group of drugs and therapeutic areas.
Our predefined selection criteria were based on the legal framework in the two regions rather than the medical perception. Three of the 23 drugs identified in our analysis were actually approved for treatment of rare diseases (lomitapide, susoctocog alfa, and selexipag); only they did not fulfill the regulatory criteria for Orphan Drug Status in the European Union as different regulatory eligibility criteria apply in the two regions. These three drugs were, therefore, included in the analysis only from a European Union perspective.
The fact that the majority of the drugs included in the analysis were approved within conditions that may arguably be categorized as life-threatening or seriously debilitating (e.g., cardiovascular events, HIV infection, serious bacterial infections, and chronic hepatitis C) points to the seriousness of the disease as an important eligibility factor for approval based on a single pivotal trial. This is further supported by the fact that 7 of the 13 novel therapeutic drugs included in the US analysis had also been granted Fast Track or Breakthrough Therapy Designation by the FDA.
Most of the primary outcome measures in the single pivotal trials were overall objective efficacy measures (i.e., clinical outcomes or surrogate markers in 22 of 27 pivotal trials). Superiority trials were statistically very convincing with P values equal to or below 0.005 in line with the range previously proposed for approvals based on a single pivotal trial. 25 For noninferiority trials, confidence intervals of minimum 95% were generally well away from the prespecified lower or upper noninferiority margin as recommended for single pivotal noninferiority trials 7 ; for some of these, superiority to the active control group was demonstrated as well.
As our analysis mainly focused on the statistical persuasiveness of the primary outcome measure, it did not assess other important factors for interpretation of the clinical meaningfulness and robustness of the trial results, such as the therapeutic effect size, results of secondary outcome measures, and sensitivity analyses. Due to the lack of independent substantiation from a second pivotal trial, clinical meaningfulness, and robustness of the trial results become even more critical in the context of single pivotal trial approvals. However, it is difficult to put forward an overall conclusion on clinical meaningfulness of the therapeutic effect size in this descriptive study due to the heterogeneity in the outcome measures and therapeutic areas. As our analysis is entirely based on approved drugs, it is inherent that the benefit/risk assessment was deemed sufficiently positive from a regulatory perspective to grant approval based on a single pivotal trial. Hence, it was not our intent to evaluate and form an opinion on the regulatory or medical assessment of the clinical meaningfulness of the effect sizes observed in these trials.
In addition to a statistically persuasive result of the single pivotal trial, independent substantiation from other clinical studies is important to reduce the probability of erroneously concluding that a drug is effective. 6 The efficacy demonstrated in all single pivotal trials analyzed in this study was supported by data from one or more additional clinical trials. Although the quantity and quality of the supportive efficacy data varied across the indications, the supportive data allowed, at least to some extent, for an independent substantiation of the evidence demonstrated in the single pivotal clinical trial. Although sponsors may submit several trials designed and powered to demonstrate efficacy, it is the regulatory assessment that decides whether these are classified as pivotal. In fact, in several cases, the efficacy data packages did include additional studies that were not evaluated as pivotal or even supportive by the FDA reviewers and/or EMA assessors. Furthermore, discrepancies between the FDA and EMA were observed in a few instances in terms of classification of clinical trials as pivotal or not for the approved indication.
There are several limitations to this analysis in addition to those already discussed. First, we focused specifically on efficacy, and as such, the risk aspect was not analyzed as part of the benefit/risk equation.
Second, the study does not allow for an overall comparison between the FDA and EMA perspectives due to the limited sample, heterogeneity of the therapeutic areas, and differences in regulatory procedures and remits of the agencies. As information on rejected and withdrawn applications for marketing authorization is not systematically publicly available, 26 learnings from nonapprovals also remain a deficiency. Hence, it is hard to draw firm conclusions on the policies of the FDA and EMA on this topic. Nevertheless, these learnings from regulatory precedence may supplement the Single Pivotal Trial Approvals in EU and US Morant et al. available FDA and EMA guidance pertaining to applications with a single pivotal trial.
Third, in determining the strength of the evidence of efficacy, we focused only on the results of the primary analysis. According to both the FDA's and EMA's guidance, 6, 7 similar findings of beneficial effect across a range of different end points (primary and secondary) would support the adequacy of a single pivotal trial for approval of a new drug.
Last, we did not analyze whether the company-regulator negotiations resulted in a restriction in the companyproposed indication. Although this is an important element of the benefit/risk assessment, it is challenging to link directly to the assessment of the single pivotal trial because of confounding factors, including safety, study design, patient population, and nature of the company's originally proposed indication.
The main objective of this retrospective, descriptive, cross-sectional study was to analyze the benefit aspects of the benefit/risk assessment for single pivotal trial approvals of novel therapeutic drugs. The eligibility for approval based on a single pivotal trial depends not only on known factors such as the seriousness of the disease and the availability of effective treatments but also on the ability to demonstrate a robust and convincing effect in one pivotal trial. Factors influencing this ability include the nature of the primary end point (e.g., objective, hard end points vs. subjective, soft end points; validated vs. nonvalidated outcome measures); understanding of the disease biology (well-characterized underlying pathology vs. complex multifactorial pathologies) and strength of the pharmacological rationale and the ability to easily identify and diagnose the patients. Although other technical and non-data-driven social factors, such as reviewer and company experience, company-regulator interactions, as well as interactions with opinion leaders and patients may also influence the regulatory decision-making process, the main drivers for drug approval remain robust evidence of efficacy and the seriousness of the disease. 27 
CONCLUSION
Although it has been widely discussed whether approvals of oncology and orphan drugs are too often based on limited evidence of efficacy, our analysis shows that single pivotal trial approvals for novel therapeutic drugs targeting other disease areas are generally based on data from a randomized and controlled trial with a statistically very compelling result of the primary analysis. Our analysis supports that the seriousness of the disease and the availability of supportive evidence of efficacy from other clinical trials are also important eligibility factors for approvals based on a single pivotal trial.
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